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\ )™ DEEP UNDERGROUND
/= NEUTRINO EXPERIMENT

Sanford Underground

Research Facility Fermilab

L e
_____

40 kt fiducial volume liquid argon TPC {far detector at SURF, 1300 km baseline

Near detector system at Fermilab, 574 m baseline

Wide-band neutrino beam from Fermilab Main Injector

Primary physics goal: neutrino oscillations (including CP violation, mass ordering)

Also nucleon decay, supernova neutrinos, BSM physics, v cross sections
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DUNE: international collaboration

1069 collaborators from 177 institutions in 31 countries

e 578 faculty, 184 postdocs, 109 engineers, 198 Ph.D. students

Armenia (3), Brazil (31), Canada
(1), CERN (37), Chile (3), China
(2), Colombia (8), Czech Republic
(11), Spain (35), Finland (4), France
(38), Greece (5), India (44), Iran (2),
Italy (66), Japan (7), Madagascar
(4), Mexico (10), The Netherlands
(6), Paraguay (4), Peru (7), Poland
(6), Portugal (6), Romania (7),
Russia (10), South Korea (5),
Sweden (1), Switzerland (30), UK
(146), Ukraine (4), USA (528)




LBNF: intense neutrino beamline

gms """"""""" Nov2017. 120 Y. XD 574 m, On Axs 1 ¢ 120 GeV Main
é&“’ L — vemods — - Vomods _ Injector proton beam
P DT Tt 4 e 1.2 MW initial beam
Y power, upgradeable
&107" to 2.4 MW

107

o2 3 4 s 6 78 9 ¢ Beamline and
focusing system
optimized for CP
violation sensitivity



Far detector at SURF

» Sanford Underground Research
Facility in Lead, South Dakota

e Four 10-kt F.V. LAr TPC
modules, located 4,850 ft.
underground (1,480m)

* Pre-excavation underway,
excavation in 2019, first module
operational in 2024




Two detector technologies
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e Single phase: all liquid, charge read out by two induction wire planes and

one collection plane

e Dual phase: Charge drifts vertically, amplified and read out in gas phase

for larger signal/noise
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First 10kt module: single phase

ANODE CATHODE ANODE CATHODE ANODE
e 2 cathode planes

— 4 drift regions

each ~3.6m
, e 500 V/cm field =
Iy it 180 kV potential
if » Photon detectors

integrated into
the anode planes
't to detect
scintillation light
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Near detector system at Fermilab

As

3DST-S ECAL

+_Magnet |

* Reduce systematic uncertainties in oscillation analysis by measuring
the neutrino flux and neutrino-argon interactions with high precision

* Monitor the neutrino beam rate and spectrum
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Near detector system at Fermilab
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* Flux changes as you move off-axis — probe energy dependence
of neutrino interactions, relationship between E, and detector

observables
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Primary DUNE physics motivation:
Neutrino oscillations

Flavor eigenstates Mass eigenstates
Ve Uel UeQ UeB 1
Yy — U ul U 02 U 03 V9
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Neutrino oscillation
measurements & unknowns

Neutrino oscillation normal hierarchy (NH) inverted hierarchy (IH)
2

unknowns: e

-CP violating phase 0

-Mass ordering
-Octant of 0,, (sin’0,, < 0.5?)

Measured by:
Solar/reactor
Atmospheric/accelerator
Reactor/accelerator
113 h ) ¢ 99
atmospheric solar
1 O 0 Ci19 S12 O
UPMNS = 0 b 593 _ —.91-1 '571_2_ 0
0 93 etOCH 0 0 1
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Non-zero 0., changes oscillation
probabilities for v and v

Neutrino
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CPV and MH sensitivity

CP Violation Sensitivity Mass Hierarchy Sensitivity
10 — 30 —
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6,5 NuFit 2016 (90% C.L. range) ==*--* sin®0,, = 0.441 + 0.042 25} 6,.: NuFit 2016 (90% C.L. range) ==*-+- sin’0,, = 0.441 + 0.042
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e Updated analysis with full FD simulation & reconstruction,
detailed systematic uncertainties, including ND samples in
progress, will be included in TDR (July 2019)
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Far detector simulation,
reconstruction, CVN event selection

e CVN algorithm trained on event images (simulated v, CC shown)

* Three wire readout planes in far detector — three 2-dimensional
“images” of each interaction

» Classitier output is v, CC and v, CC probabilities
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v, selection efficiency

Appearance Effictency FHE) o Selection of oscillated v, CC

Selection Efficiency

L events with full simulation
[ and reconstruction achieves
0.8f similar performance to what
f was assumed in CDR
0.6
I e Stone! e ~90% efficiency in flux
L NC Background
o4k e peak
0l | * Work is ongoing to ensure

robustness to modeling

0 e L L s UNCeTtalntes
Reconstructed Energy (GeV)
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Events/0.25 GeV

v, appearance sample
with updated analysis

s DUNE v, appearance
i 3.5 years (staged)
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60—
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2019 TDR sneak preview
(Full sim+Reco+selection)
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Nucleon decay & nn oscillations
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e Updated analyses with full simulation & reconstruction
will be presented in upcoming TDR
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Supernova burst neutrinos

g 40- BEs

P e » DUNE will see 100s to 1000s
2 of neutrinos from a supernova
: 20E burst

-
(%))

 Primary channel in LAr is
Ve 40Ar — - 4OK*
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BSM searches

Sterile neutrinos 1) T ——

F Work in Progress!

Light dark matter 1of

Boosted dark matter L d
<~ [ DUNE :

. . = Simulation !
Non-standard interactions £ 4L N\
A C - DUMNE 852 C.L. o
E] E 38 Kopp et al. (2013) .

Neutrino tridents i [ Taeess ol 2019 3

- — MiniBooMNE 90% C.L. =

L d o o - — MiniBooNE (v mode) 90% C.L. i
— NOMAD 90% C.L.

arge extra dimensions o8 [-NowDsonsCL .

- — MINOS and Daya Bay/Bugey-3 95% C L. -

. ' - — SBND + MicroBooMNE + T600 90% C.L.
Likely much more! 104 Lt vl pvsnal sl oviad il vl N
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ProtoDUNE: prototyping the DUNE
far detector design

* Two prototype
detectors located at
CERN neutrino

platform

e Single phase and
dual phase

e Test detector
engineering, and
also hadron beam
physics program

SUVE

20




ProtoDUNE-SP

e Full scale
prototype —
same voltage,
drift distance as

| | DUNE SP
W~ 1 - b - Testof design,
; installation,
operation,
stability

T ensanamenors ® Measure hadron
response in LAr

......
llll
-----

7m integrated into APAs
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ProtoDUNE-SP

e Beam physics run
Sep 21 — Nov 11

* Pions, protons,
electrons, kaons
from 0.3-7 GeV,
total ~4M triggers

e Achieved stable
running at 180kV,
~8ms electron

Bottom Field Cage lifetime, ~600 ENC

noise — S/N ~ 38
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ProtoDUNE-SP event display

Collection plane view

23




ProtoDUNE-DP

e Complete dual-phase detector assembled in cryostat
since March 2019 S——

* Purging,
cooling,
filling this
summer

* End of
filling will
be ~August

LBERKELEY LAB

24 Chris Marshall - 2019 FNAL UM creee




Summary

 DUNE is designed for discovery sensitivity to CP-
violation in neutrinos, and neutrino mass ordering

e Precise measurements of 03, 0,3, Am?2;,

e Sensitivity to baryon number violation (nucleon decay,
neutron-antineutron oscillations), supernova burst
neutrinos

* Full scale prototype has been completed with
successful ProtoDUNE-SP run last fall

 TDR is coming in late July
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Thanks for listening!
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Backups
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Staging plan

e Start of run: 2 FD modules (20 kt total fiducial mass),
1.2 MW beam power, with ND

» After one year: 3 FD modules (30 kt total fiducial)

» After three years:
4 FD modules
(full 40 kt
fiducial)

e After six years:
upgrade to 2.4
MW beam
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Neutrinos oscillate

Am3, = 107 eV? Am3, ~ 107 eV?
1.0 L/E ~ 500 km/Gey L/E ~ 15,000 km/GRV
v, disappearance Z\ ﬂ n :
0.8 1
s 0.6 Yy
T —— L’T
=
_—
_ 4k Ve
N O
0.2 4
v, = Ve appearance
Mass di
0.0 1= A

TRy g e g
L/FE (km/GeV)
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3-flavor oscillations In matter

sin?(Agy — o)

Plv, > v,) =~ sin?(f,4 sin? 46,4 : Agl
; (Agi — a.[-)z
, , , sin(Ag; —|al}) sin{all)
+ 8in 295 sin 20 5fsin 46,4 JACS! Aoy cos(Asy Hocp
|: (Agl — aL) (1[) (

.- i

‘ o sin‘ (o L))—

+ cos? Pod sin? 2014 E)Z ) Aélj
(l

H. Nunokawa, S. J. Parke, and J. W. Valle, Matter denSity a = GF N e/ \/§

Prog.Part.Nucl.Phys., vol. 60 (2008)
s Mass difference A;; = Am?jL /AE,
* v, — V, oscillation probability depends on all three

mixing angles, both mass differences, matter effects,
and CP-violating phase!

e Must measure all other parameters to access Ocp

. m l '”’1_)‘(“ \
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Antineutrino oscillations In matter

sin?(Agq — o))

P(m, —»7.) =~ sin?fy]sin?90 =t
(VH ‘VE) SH1 S11 14 (Agi — a[l)z 31
, _ _ sin(Asg; —|al}) sinf{all)
sin Phad sin 2014 sin 6, A A1 cos(As1—{c
+ S111 2723 S1N 271 39/S111 4014 (A31 — a.L) 31 a[) 21 ( 2] CP
.9
Y T sin (e Lf)——-
+ cos @sm 014 ilE A54

Matter density —a = GpN,/ V2
Mass difference A;; = Am?jL /AE,

e For antineutrinos, matter effects and CP violating effect

have opposite sign

e Causesv,— v, and Gu - v, to be different!

il
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CPV sensitivity vs 0,

CP Violation Sensitivity

12 e Sensitivity I 10 years (staged) ° 623 (iﬂClUding
- Normal Ordering s sin2923 =0.39
- Sin'20,,=0.085 £0.003  — sin’0,, = 0.441 octant) also affects
- e sin’0,, = 0.5
l eves S0y, = 0.66 the rate of v, at FD
8- . .
ot e CP violation
X ° ° ° ° °
= oL sensitivity is best if

(ST TRRRNT /' . RS | /- A . T {rue Value Of 923 1S
in lower octant

01080604020 02040603 1

Ocp/Te
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d.p Resolution (degrees)

33
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d.p Resolution

DUNE Sensitivity (Staged)
Normal Ordering

sin®20,, = 0.085 + 0.003
sin’e,, = 0.441 + 0.042

B s, =-n2
- Ocp=0

Nominal Analysis

------- 0,5 & 6,; unconstrained

o

6 8 10 12 14
Years
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e DUNE will do more

than just measure if 0 !
= (0 — precise
measurement of 0

Sensitivity is best when
0 is near CP-conserving
values 0,mt

Long term resolution is
between 8-15 degrees
depending on true value
of 6 chosen by nature

g
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sin“d,, and octant resolution (CDR)

Octant Sensitivit . .
Y sin0,, Resolution

8 — - 4
[ DUNE Sensitivity [ 7 vears (stagea) 0.0 DUNE Sensitivity
. Normal Ordering

o [sin’26,, = 0.085 +0.003 [[] 10 vears (staged) Normal Ordering

[ ] nurit 2016 @o% c.L) sin®26,, = 0.085 + 0.003

6,,: NuFit 2016 (90% C.L. range)

------- sin’6,, = 0.441 + 0.042

: 5
< 5F £0.025
FF 2
=4 2 0.02
o K

3 < 0.015

- ®

2

1+

O-IIIIIIIIIIIIIIIIllIIlIIIIIIIlIIII I L I 1 I 1 I 1 I 1 I 1 I

035 0.4 045 05 055 06 065 7200 400 600 800 1000 1200 1400
sin®e,, Exposure (kt-MW-years)

e Simulation and analysis update for TDR: full end-to-end simulation,
reconstruction, event selection in FD

e Geant4 simulation of near detector, detailed systematic uncertainties
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Neutrino energy resolution

DUNE preliminary
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102

10

v, charged-current selection

e Selects both
oscillated and

— (sc. CC electron

 CC muon Intrinsic v,
CC tau
— NC * Backgrounds

— Beam CC electron

include
m—-vyy, T—e

36
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CVN output for
vV, CC event selection

—— CC v, signal
CC v_background

—— NC v background

1

0.8
CVN v, Probability




FD FHC v_+v,

3.5 years (staged)

120/ Normal MH, 5.,=0
- —— Signal (v,+v,) CC
% 100F — Beam (v +v,) CC
Q) - — NC
o 8 —— (V.+v) CC
o - — (V,+v,) CC
L 60
C L
()] L
> n
20

DUNE v, appearance

Reconstructed Energy (GeV)
2017 CDR update

Events per 0.25 GeV

DUNE v, Appearance

IIIII Normal Ordering
sin®20,, = 0.088

5 sin®e,, = 0.580
3.5 years (staged)
—— Signal (v, + v,) CC
B Beam (v, + v,) CC
G NC
e (v, +v,) CC
(v, + v;) CC

160

.....
S

1 2 3 4 5 6 7 8
Reconstructed Energy (GeV)
2019 TDR

38 Chris Marshall - 2019 FNAL UM

BERKELEY LAB m (\

LAWRENCE BERKELEY NATIONAL LABORATORY [




FD RHC v_+v,

LAWRENCE BERKELEY NATIONAL LABORATORY

35 _
- DUNE v, appearance > 50 DUNE v, Appearance
- 3.5 years (staged) o 45 Normal Ordering
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Events/0.25 GeV

FD FHC v”+v”

900 - < 800y

- DUNE v, disappearance q, DUNE v, Disappearance
800 3.5 years (staged) O sin%,, = 0.580

- g 700 2 -3 2

- S Amg, =2.451 x 10~ eV
700~ - 3.5 years (staged)

- — Signal v, CC 3 600 —— Signal v, CC
600 —NC 2 . v, CC

- o S s00F [f Sl NC

- (v+v,) CC > B (. +v.) CC
500 — Bkgd v, CC w (v, + v;) CC

- g 400
4001
300HH 300
2007 200
100 N 100

3 4 5 6 7 8 1 2 3 4 5 6 7 8
Reconstructed Energy (GeV
Reconstructed Energy (GeV) 9y (GeV)
2017 CDR update 2019 TDR
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FD RHC v”+v”

350 — < 350
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50| 50,
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DUNE-PRISM: off-axis ND

2 3 4
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One solution: make ND measurements
with many different fluxes

V

* Flux varies with off-axis angle

. " Ereco‘j_Ge
o mlll""lll&

» Access different flux spectra —
map out relationship between true
neutrino energy and detector
observables

ND N[D, ND ND ND
Positior Position Position Position Poaition




Reproduce FD flux with linear
combinations of ND samples

‘ Pseudo-Monoenergetic Beams ' Oscillated Fluxes at the ND!

0.25 ] — -
- ’ ] 5 Sinf(B,5) = 0.5, A e, = 2.6x 10° eV?
_ o |
= 0.2 — - I
o - NS_ 20— E Fluxes up to 40m
€015~ | ] E T T it Fit region
= B 'I;- |
D 01F l
O 01— — © 10
a F S
20.05/— | | ] e
[=] !
5 0 + ’ | ‘ ]‘ . - 0 g_ I 1
i e + 3l 0.5f
: | : g o
-0.05 o by by b by ey by by by gy 3 E 3_0-5 o -_I_-
0 05 1 15 2 25 3 35 4 =
v, Energy (GeV) olt 0 1 2 3 4 5 6

E, (GeV)

* By taking linear combinations of spectra at different off-axis
angles, we can create pseudo-monoenergetic beams

 Or we can create a replica oscillated FD flux for some set of
oscillation parameters

' 1A )
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Flux predictions up to 39m off axis:

peaks from 2.5 down to 0.4 GeV

— ?( 10_9 - T T L I T -
> .

8 Nov2017, 120 GeV, ND 574 m, 0—39 m Off Axis

E —— v-mode LT On-axis |
— 401 ~—— V-mode V|, On-axis
8 f o =\ 33 m Oft-axis

= |

&,
"= 20

3, I

S/
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Far detector spectra, with cross
section predictions vs. energ
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DUNE long-baseline oscillation analysis

Flux prediction v interaction model oscillations FD simulation

A. Schukraft, G. Zeller
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ND: LAr TPC

e Measure v-Ar interactions with same
technology as far detector

e Direct flux constraint with v+e — v+e
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ND: Multi-purpose detector

e Measure v-Ar interactions with same
technology as far detector

e Direct flux constraint with v+e — v+e

e Measure v-Ar interactions with low thresholds,
exquisite PID, same target nucleus as FD

e Reconstruct muons exiting LAr TPC
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ND: 3DST-S

e Measure v-Ar interactions with same
technology as far detector

e Direct flux constraint with v+e — v+e

e Measure v-Ar interactions with low thresholds,
exquisite PID, same target nucleus as FD

e Reconstruct muons exiting LAr TPC

e Monitor the neutrino beam on-axis

 Direct measurement of neutrons with time-of-
flight

LBERKELEY LAB
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ArgonCube ND concept

LAr Pump Motor

Feedthroughs

Stainless Steel Top Flange

Foam Insulation
LAr Pump Impeller

HV Feedthrough<4

LAr Pipes

G10 Walls
Pixel Plane

Cathode
ArCLight Modules

Field-Shaping Rings

Hydrostatic LAr Check Ve

G10 Support Structure I et
G10 Floor

Stainless Steel

Bottom Dummy Flange LAr Heat Exchanger
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ArgonCube concept

e Full three-dimensional readout with pads

* Pad coordinates give two dimensions + third from drift time

 Removes reconstruction ambiguities present in projective
readout

e Greatly reduces event overlap

LABORATORIUM FUR HOCHENERGIEPHYSIK

* Modular, optically segmented SREE

 Each 1x1m module has its own
photon detector, covering the walls &
orthogonal to pixel planes

* Few ns timing resolution

* Can separate optical signals from
different neutrino interactions
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PixLAr tests at Fermilab

* Pixel plane in
X ﬁ‘ A R LATrIAT experiment
| at Fermilab in
hadron test beam

AR
)

P <

il Liquid \rgon Experiment

ST ¥ - Demonstrates pixel
B W8  concept for liquid
TPC

e But electronics do
not support single-
channel readout —
analog multiplexing
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LArPix: dedicated pixel
electronics for LAr TPCs

See parallel talk Friday afternoon by Dan Dwyer
: ST = i 'II-L,"_ i .—r"f>| "‘\"|

SIS IS AT ! ! .

’é‘%"’:‘% SR , 3 BERKELEY LAB
2P " - -

XXX
XDLIXEX

v iy

‘I; o L k - &
! Rt ogeeg 11 MRS B

* Low-power, single-channel readout developed at LBNL,
tested at LBNL and Bern
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High-pressure gas TPC

e 10bar 90-10 Ar-CH, mixture

» Repurpose ALICE readout chambers (available in 2019), filling central
hole with new chamber

e New front-end electronics New software: GArSoft
OUTER FIELD
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Gas TPC test stand @Fermllab
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3D scintillator tracker (3DST)

1 cm?3 scintillator cubes in a large array, read out with
orthogonal optical fibers in three dimensions

Same concept being pursued by T2K ND280 upgrade, called
“Super-FGD”

Excellent 41t acceptance —no hole at 90°

Very fast timing: capable of tagging
neutrons from recoils, and measuring
energy from time-of-flight

Could be placed in front of (or inside?) gas
TPC, or operated in its own magnet with
muon spectrometer
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3DST prototypes

Testing and prototyping is
shared with T2ZK ND
upgrade

O(100) cube prototypes
operated in test beams at
CERN and Japan in 2017

O(10000) cube prototype at
CERN summer 2018

Planned 2019 neutron beam
run at L.os Alamos
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Near detector MPD magnet

3 superconducting coils with 2
bucking coils to actively cancel
stray fields to ~50 gauss
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DP 3x1x1 prototype
 Ran at CERN June-November 2017, demonstrating dual-phase
LAr TPC concept
* Achieved S/N ~ 100 for MIP

Muon

ADC
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EM Shower
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Mass ordering sensitivity from SNB

40 kton argon, 10 kpc

Events per bin
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 In addition to astrophysics, time profile of SNB gives
sensitivity to neutrino oscillations, including mass ordering
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